I. INTRODUCTION
O FTEN IN microwave systems that employ waveguides there exists a need at some point to transition to and from waveguide and other common transmission mediums. The establishment of well-defined end-launched coaxial and microstrip solutions could facilitate more widespread use of the compact partial -plane waveguide [1] in two ways. Firstly, there only exists very limited information on partial -plane waveguide to coaxial adapters, therefore this research will provide a well-defined transition structure for the first time. Secondly, since the coaxial transition is end-launched, it provides collinear advantages over the probe feeds, which have been previously used [2] - [5] . An example advantage is removing the need for connectors and cables on the radiating face of slot radiators, which could prevent the pattern degradation seen in [5] . In addition, the microstrip adapter is also developed to enable close integration with other planar microwave components such as integrated circuits.
The first published information related to coaxial to partial -plane waveguide adapters was published in 2005 [2] where it was mentioned that a probe was inserted into a rectangular cut-out in the -plane vane approximately a quarter-wavelength from the end of the waveguide. The probe adapter was mentioned again in [3] with geometry and dimensions given in 2006 [4] . Fig. 1 shows the geometry given in a photograph in [4] with dimension definitions. The adapter was optimized using a commercial full-wave simulator [CST Microwave Studio (MWS)] where the -plane vane cut-out width wi and depth de were varied to minimize the insertion and maximize the return losses [4] . The dimensions and in the figure define the width and height of the waveguide, and denotes the propagation direction for context. The partial -plane waveguide is a rectangular waveguide with a reduced height that is transversely folded flat once [1] . By unfolding the partial -plane waveguide in Fig. 1 , one can easily verify that the probe feed described above is equivalent to the classical probe feed [6] that is used in conventional rectangular waveguides.
Given the dimensions in [4] , the existing probe adapter was simulated in CST MWS and an ideal waveguide port was used as the second port to facilitate simulating the insertion loss [7] . From the simulated results in [7] , it can be seen that the existing probe adapter exhibits narrowband behavior around 5 GHz, which was suitable for the narrowband filter application in [4] . However, a wider band transition structure is desirable for more general-purpose use.
The authors presented an initial design of the end-launched coaxial to partial -plane waveguide transition in [8] . The final version discussed in this paper achieves significantly improved performance over the entire band of interest and has been verified though measurements [8] . This paper focuses on the development of a practical end-launched coaxial and a microstrip to partial -plane waveguide adapters with similar or larger achievable bandwidths compared to conventional rectangular waveguide probe feed adapters. The development of the coaxial 0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. transition is discussed in Section II, while the microstrip transition is discussed in Section III. Lastly, a conclusion is presented in Section IV.
II. END-LAUNCHED COAXIAL TO PARTIAL -PLANE WAVEGUIDE TRANSITION
The end-launched transition was developed following an iterative process where the transition geometry was incrementally updated until it achieved the desired performance. A specification of a 20-dB reflection coefficient and 0.5-dB insertion loss over the entire H-band (3.95-5.85 GHz, also known as the G-band [9] ) was used to ensure that the resulting design would be suitable for general-purpose applications. H-band was selected to facilitate comparison with the previously used probe adapter, thus the waveguide dimensions ( and ) used are the same as those in Fig. 1 .
A. Coaxial Transition Development
The -field in a partial -plane waveguide is at a maximum at the edge of the -plane vane [1] , and hence, the location of the probe in the existing transition in Fig. 1 . Therefore it is desirable to identify a suitable conventional rectangular waveguide end-launcher that has all of its geometry located along the center line of the waveguide. The L-shaped loop [10] is such a geometry that lends itself well to the partial -plane waveguide case, as shown in Fig. 2 .
The L-shaped loop transition does not necessarily require the post for operation [10] and it is only used when wider bandwidths are required from a doubly tuned structure [11] . Note that the probe part of the transition in both the rectangular (a) and partial -plane (b) waveguides in Fig. 2 is located where the -field is a maximum in the respective waveguides. The operation of the L-shaped loop in rectangular waveguides is explained by the probe coupling model in [10] where the L-shaped loop geometry is broken into two parts, namely, the transmission line (T-line part in Fig. 2 ) and probe part. A match can be achieved using three different methods, firstly the L-shaped loop can be move slightly off the center line [10] , secondly the T-line part can be extended slightly beyond the probe part [12] , and lastly, the contact position of the transmission line and probe parts can be varied up and down the probe's length to achieve a match [11] . The varied contact matching technique is used as all of its geometry lie along the center line of the waveguide and it can achieve a wider bandwidth compared to the extended T-line method [7] .
The prototype transition geometry shown in Fig. 2 (b) was optimized for minimum reflection coefficient over the band using the CST MWS multivariable optimizer and achieved a worst case reflection coefficient of 12.1 dB over the entire band. Since the distance between the -plane vane and sidewall is quite small, a cut-out or notch in the vane can allow for a longer probe part of the loop (as in Fig. 1 ), which is required to achieve resonance. The addition of a cut-out and longer probe, which is much closer to resonance to the prototype transition, results in a worst case reflection coefficient of 14.5 dB over the band after optimization.
The next addition to the geometry was a matching section between the end-launched SMA connector and probe. Since the T-line part of the feed geometry is similar to a trough transmission line [13] , the characteristic impedance of the T-line can be varied by changing the distance between the sidewall and center conductor. Therefore, an impedance matching section can be introduced through the addition of a bend in the T-line. The first section of the transmission line can be kept at 50 to ensure continuity through the waveguide wall, while the second part (Probe feed in Fig. 3 ) can have a different characteristic impedance to facilitate impedance matching.
After optimizing the updated geometry, the worst case in-band reflection coefficient was 15.5 dB. While the improvement achieved through the addition of the matching section is minimal, it is required to maximize the performance achieved with the final addition of a tuning post, as shown in Fig. 3 .
The addition of a tuning post makes the structure doubly tuned with two resonances resulting in two deep notches in the reflection coefficient at two different frequencies (since the length and positions of the probe and tuning post are different). Note that the tuning post, similar to the probe, does not short against the waveguide sidewall.
The addition of the tuning post significantly improves the simulated reflection coefficient, which is 20.38 dB and the insertion loss is 0.05 dB (see Fig. 5 ), which is acceptable for general-purpose use.
B. Final Design Summary
A parameter study was conducted on the final design to determine which parameters affect the real or imaginary parts of the impedance and the insertion and return losses, and therefore, influencing the achievable bandwidth. The results from the parameter study are summarized in Table I [7] .
The sensitivities are classified as either insensitive, moderately sensitive, highly sensitive, or extremely sensitive. The sensitivities mainly refer to the reflection coefficient as the insertion loss is insensitive to most parameters. The parameters in Table I refer to the geometry in Fig. 3 , where the following is in place.
• SMA offset refers to the distance between the center of the SMA connector and waveguide sidewall. Larger values decrease the real component of the input impedance and vice versa.
• Probe feed offset is the offset between the center of the probe feed and waveguide side and forms the matching section.
• Probe position and Post position are the distances between the shorting wall and the probe and post, respectively. These distances set the lower and higher resonant frequencies, respectively.
• Probe cut-out width, Probe cut-out depth, Post cut-out width, and Post cut-out depth, respectively, refer to the dimensions of the cut-out for the probe and post in Fig. 3 (width and depth defined in Fig. 1 ).
• Probe end gap and Post end gap refer to the small air gap that exists between the waveguide sidewall and ends of the probe and post. These values were limited to be greater than 0.5 mm to facilitate power handling in the order of a few watts. Note that the most sensitive parameters are the probe feed offset (matching section) and probe position. 
C. Measured Results
A hardware prototype of the end-launched coaxial transition was realized in the back-to-back configuration to facilitate comparison with the simulated results. The prototype was realized with 6-mm sidewalls, a 1-mm-thick partial -plane vane, and a total internal length of 237 mm. A vane thickness of 1 mm was used over the 0.5-mm [3] - [5] thickness previously used as it provided more mechanical stability and did not negatively influence the full band performance of the waveguide. A photograph of the prototype is given in Fig. 4 .
Note that the joints between the T-line, probe feed, and probe were solder joints. Similarly, the probe and post were attached to the partial -plane vane by solder joints. The use of these solder joints is believed to be the primary cause of the differences between simulated and measured results.
The measurement setup is shown in Fig. 5 , a Rohde & Schwarz ZVA-40 vector network analyzer (VNA) was used to capture the measured results.
The back-to-back measured and simulated results for the realized prototype are given in Fig. 6 .
D. De-Embedded Single Adapter Results
The back-to-back measured results presented above contain the combined effect of the two adapters on either end of the prototype and waveguide section between them. The process of extracting the approximate single-ended response from the combined back-to-back is referred to as de-embedding as the single-ended response is so-called "embedded" in the total response [14] . Equation (1) represents the realized prototype containing the embedded single adapters on either end of the waveguide using transfer scattering matrices ( -parameters) [15] (also known as chain scattering parameters) [16] , (1) The -parameters are similar to the -parameters in that they also relate the voltages of waves reflected and transmitted at ports. However, they can easily be cascaded to determine the result of a cascaded network (such as the back-to-back case), which is not possible to do directly with -parameters [15] . Assuming that the two adapters have identical responses and that the intermediately section of waveguide is lossless, the approximate single adapter results can be obtained using (1) .
Additionally, the propagation constant used in the de-embedding was simulated using CST MWS and assumed to be similar to that of the realized prototype. The approximate single adapter response given the assumptions above is shown in Fig. 7 .
The worst case in-band reflection coefficient is 17.4 dB and the insertion loss is 0.75 dB.
III. MICROSTRIP TO PARTIAL -PLANE WAVEGUIDE TRANSITION
As in the coaxial case, the microstrip transition was developed following an iterative process where the transition geometry was incrementally updated until it achieved the desired performance.
A. Microstrip Transition Development
Similarly to the coaxial case, a suitable convention rectangular waveguide transition structure is identified for use in the partial -plane waveguide case. The integrated broadside mi- crostrip adapter was selected as the feed structure to adapt to the partial -plane scenario due to large potential bandwidths of up to 40% [17] and simplicity as the entire feed structure and -plane vane may be integrated on a single microstrip substrate. The integrated broadside microstrip probe used in conventional rectangular waveguides [see Fig. 8(a) ] can be adapted for the partial -plane geometry by bending the conventional waveguide like a horseshoe [see Fig. 8(b) ]. Via stitching is used to close the edge of the integrated vane inside the waveguide. An SMA connector is included in the partial -plane waveguide model in Fig. 8(b) to facilitate measurements with a VNA.
Rogers RO4003C with a thickness of 0.813 mm was selected as the microstrip substrate.
The probe feed geometry given in Fig. 8(b) consists of a 50-microstrip line up to the waveguide's external wall and a probe integrated onto the same substrate going through a hole in the waveguide's sidewall. The air gap above the substrate in Fig. 8(b) and the substrate width going through the waveguide wall were optimized to be as small as possible without negatively affecting the return loss. The probe width and position from the shorting wall were also optimized using CST MWS for the maximum return loss over the entire band. The optimized initial microstrip transition geometry in Fig. 8(b) achieved a worst case in-band reflection coefficient of 8.4 dB, which is not sufficient for general-purpose use.
As with the coaxial prototype, the first update to the initial transition geometry is a cut-out to facilitate a longer probe section in Fig. 8(b) . The extended probe protrudes into the vane, but does not make electrical contact with the vane. The integrated substrate of the feed and vane ensures mechanical stability and accuracy. The updated geometry with the addition of the probe cut-out achieved a reflection coefficient of better than 19.6 dB over the entire band after optimization.
An external (to the waveguide) matching section was added to further reduce the reflection coefficient. With this addition the prototype transition achieved a worst case in-band reflection coefficient of 21.9 dB. Although not as significant as the previous addition to the prototype, this step will enable the next addition of a tuning post to yield vastly superior wideband performance. Fig. 9 gives the final microstrip geometry, as in the coaxial case the post does not short against the sidewall.
The addition of a post is strictly not necessary as the microstrip adapter already had satisfactory results. However, this addition yields a maximum reflection coefficient of 32.0 dB and insertion loss of 0.2 dB (see Fig. 12 ), which outweighs the additional complexity having the addition of a post.
B. Final Design Summary
As with the coaxial transition a parameter study was conducted on the final microstrip design to determine which parameters affect the achievable bandwidth. The results from the parameter study are summarized in Table II [7] .
The parameter names in Table II refer to the final geometry in Fig. 9 , where the following is in place.
• Matching line length refers to the length of the matching section with width, Matching strip width. Longer lengths decrease the return loss at mid-band at the expense of the band edges.
• Feed-line gap width and Feed-line air gap define the width and height of the air gap that exists above the substrate passing through the waveguide sidewall, respectively.
• Probe position and Post position are the distances between the shorting wall and the probe and post in the figure, respectively. As with the coaxial case, the Probe position controls the lower resonance and the Post position controls the higher resonance frequency. Note that the most sensitive parameters in the design are the Feed-line width (microstrip width going through the waveguide sidewall) and Probe Position. 
C. Measured Results
As with the coaxial case, a hardware prototype transition was realized in the back-to-back configuration to facilitate the acquisition of measured results. A photograph of the inside and outside of the realized prototype is given in Fig. 10 .
The back-to-back measured and simulated results for the realized prototype are given in Fig. 11 . 
D. De-Embedded Single Adapter Results
Using the de-embedding technique and assumptions previously discussed, the approximate single adapter results shown in Fig. 12 were obtained.
The worst case in-band reflection coefficient is 23.7 dB and the insertion loss is 0.27 dB, which correspond well with the simulated results. The two sharp responses in the measured at approximately 6.3 GHz are caused by differences between the simulated propagation constant used in the de-embedding and the actual propagation constant in the realized prototype. Specifically, these two de-embedding artifacts are the result of the difference in frequency where the second mode starts propagating. Since this is outside of the band of interest (3.95-5.85 GHz), it does not affect the results.
IV. CONCLUSION
The development and realization of two types of transitions between partial -plane waveguides were discussed, namely, the end-launched coaxial and microstrip transitions. Hardware prototypes were realized for each design in the back-to-back configuration to facilitate measurements of insertion loss and reflection coefficient of the realized transitions. De-embedding techniques were used to approximate the single adapter responses from the back-to-back measurements. The measured results of the end-launcher and microstrip transitions compare favorably with the simulated results and validate the designs.
